Incorporation of inorganic nanoparticles (NPs) into polymers is the current means for enhancing the performance of polymer materials, the key to which is the increase of compatibility between NPs and polymer media. In this paper, the polymerizable surfactant octadecyl-p-vinylbenzyldimethylammonium chloride (OVDAC) is synthesized and used as a capping agent for direct synthesis of various metal NPs, for instance Au, Ag, Pd, and Pt, and semiconductor NPs, for instance ZnS, CdS, and PbS. The preformed OVDAC-stabilized NPs are lipophilic and act as macromolecular monomers in the copolymerization with lipophilic monomers.
Introduction
Recently, much effort has been devoted to fabricating nanocomposite materials composed of inorganic nanoparticles (NPs) and polymers with the expectation of property enhancements [1] [2] [3] [4] [5] [6] .
The basis of this strategy is the combination of excellent properties both of NPs and polymers [7] [8] [9] [10] [11] [12] .
On one hand, NPs possess unique size-dependent optical, electrical, and mechanical properties [13] [14] [15] [16] [17] [18] . After embedding them into polymers, the performance of polymers will be enhanced [19] [20] [21] [22] . On the other hand, polymers act as the host to stabilize and/or integrate the properties of NPs by providing an inert medium [23, 24] , thus improving the long-term stability of NPs [25] [26] [27] . To achieve an efficient incorporation of NPs into polymers, moreover, there are still many scientific problems to be solved, for instance the compatibility of inorganic NPs and organic 1 Author to whom any correspondence should be addressed. polymers, the maintenance of transparency of nanocomposites, and so forth.
The origin of the aforementioned problems is the aggregation of NPs in polymer media, resulting from phase separation between NPs and polymers. Namely, because of the relaxation of polymer chains, non-covalently linked NPs are also dynamic in polymer media. Driven by interparticle van der Waals attraction, NPs spontaneously tend to aggregate. Consequently, the key is to anchor NPs on a polymer network through covalent bonds.
In this scenario, NP-polymer composites have been fabricated through two protocols, in situ formation of NPs in polymer media and copolymerization of surface-modified NPs with monomers [28] [29] [30] . In the former method, the precursors of NPs are first dispersed in polymers, followed by an in situ reaction to generate NPs [29] . However, the formation of NPs is random, making it difficult to further control NP size, size distribution, and surface chemistry through the in situ method [30] . As a result, most polymeric nanocomposites have recently been fabricated from preformed NPs. In this context, the progress of NP synthetic techniques supplies various NPs with controllable sizes and shapes [31] [32] [33] [34] [35] [36] [37] [38] . Meanwhile, the surface engineering of NPs also makes it possible to modify polymerizable groups on the preformed NPs [39] [40] [41] [42] , among which the ligand exchange technique is mostly applied [43, 44] . Although ligand exchange is generally successful, this method is sometimes complex and damages NP properties [45] . Consequently, alternative methods are also required. For example, we have demonstrated a method for preparing bulk polymeric nanocomposites with strong luminescence and long-term transparency [46] [47] [48] [49] . The polymerizable surfactant octadecyl-pvinylbenzyldimethylammonium chloride (OVDAC) is used to transfer preformed semiconductor NPs from water to lipophilic monomers on the basis of electrostatic attraction between OVDAC and NPs. After copolymerization with free-radical monomers, luminescent nanocomposites are obtained. This strategy is available for CdTe and CdHgTe NPs with diameters from 2.5 to 4.0 nm, whereas it is unavailable for the fabrication of metal NP-polymer composites, especially for NPs with diameters higher than 5 nm. The problem is the difficulty of transferring large NPs from water to lipophilic monomers using OVDAC [50] . This size-dependent phase transfer is attributed to the surface-area-ratio effects: namely, the higher the NP size, the lower the surface area ratio, which leads to lower coverage of surfactants on the NP surface [50] [51] [52] [53] . As a result, the resulting NPs are less hydrophobic and difficult to transfer to lipophilic monomers. To solve this problem, in this paper, OVDAC-stabilized NPs were directly synthesized in chloroform, thus making NPs miscible with various lipophilic monomers. The copolymerization of OVDACstabilized NPs and common monomers, such as styrene and methyl methacrylate, resulted in transparent bulk polymeric nanocomposites.
Experimental section

Materials
All chemicals used in this study were AR reagents. N,Ndimethyloctadecylamine and 4-vinylbenzyl chloride were purchased from Aldrich. OVDAC was synthesized through the reaction between N,N-dimethyloctadecylamine and 4-vinylbenzyl chloride according to our previous method [47] [48] [49] .
Preparation of OVDAC-stabilized metal NPs
OVDAC-stabilized metal NPs were prepared through NaBH 4 reduction of metal ions. Typically, a 10 ml AuCl 3 ·HCl·4H 2 O aqueous solution (30 mM) was mixed with 30 ml OVDAC chloroform solution (7 mg ml −1 ) under vigorous stirring. After Au 3+ was completely transferred to the chloroform phase, 8.3 ml NaBH 4 aqueous solution (9 mg ml −1 ) was added dropwise into the aforementioned mixture under stirring. The mixture was stirred for 30 min, and then the chloroform phase was separated to obtain OVDAC-stabilized Au NPs. Following a similar procedure, except using AgNO 3 , H 2 PtCl 6 ·6H 2 O and K 2 PdCl 6 instead of AuCl 3 ·HCl·4H 2 O, Ag, Pt, and Pd NPs were prepared.
Preparation of OVDAC-stabilized semiconductor NPs
OVDAC-stabilized semiconductor NPs were prepared through the reaction between metal ions and Na 2 S·9H 2 O. For the preparation of CdS NPs, a 10 ml 2CdCl 2 ·5H 2 O aqueous solution (0.35 mM) was mixed with 30 ml OVDAC chloroform solution (7 mg ml −1 ) under vigorous stirring. Then, 10 ml Na 2 S·9H 2 O aqueous solution (0.28 mM) was added to the mixture of Cd 2+ and OVDAC under stirring. The mixture was kept stirring for 30 min, and the chloroform phase was separated to obtain OVDAC-stabilized CdS NPs. Following a similar procedure, except using Zn(NO 3 ) 2 and Pb(NO 3 ) 2 instead of 2CdCl 2 ·5H 2 O, ZnS and PbS NPs were prepared.
Preparation of Au NP-polymer bulk composites
Au NP-polymer bulk composites were prepared though the copolymerization of OVDAC-stabilized Au NPs, styrene, and methyl methacrylate. Experimentally, the as-prepared OVDAC-stabilized Au NPs were open to the atmosphere and allowed to evaporate chloroform at room temperature. The solid powder of OVDAC-stabilized Au NPs (14.7 mg, 0.075 mmol) and azobisisobutyronitrile (AIBN, 100 mg, 0.61 mmol) were dissolved in the mixture of styrene (4 ml, 34.8 mmol) and methyl methacrylate (4 ml, 40.0 mmol). Then, the reaction mixture was sealed in a flask, and polymerized at 55
• C for 10 h. The flask was removed from the heating bath and cooled at room temperature to terminate the polymerization.
Characterization
UV-visible absorption spectra were obtained using a Shimadzu 3100 UV-vis spectrophotometer. X-ray powder diffraction (XRD) was carried out using a Siemens D5005 diffractometer. FTIR spectra were taken with a Nicolet AVATAR 360 FTIR instrument. A transmission electron micrograph (TEM) was conducted using a Hitachi H-800 electron microscope at an acceleration voltage of 200 kV with a CCD camera. Highresolution TEM (HRTEM) imaging was implemented by a JEM-2100F electron microscope at 300 kV. Figure 1 presents the optical photographs of the summarized procedure for preparing OVDAC-stabilized Au NPs. HAuCl 4 was first dissolved in water and the solution was mixed with chloroform. As shown in figure 1(a) , the aqueous solution of HAuCl 4 was bright yellow, which was above the chloroform solution of OVDAC. After 30 min stirring, the Au 3+ was completely transferred from water to chloroform by OVDAC coating, represented by the color change. Namely, the chloroform solution turned bright yellow while the aqueous solution became colorless ( figure 1(b) ). The procedure of phase transfer was also monitored by UV-vis absorption spectra. As shown in figure 2(a), aqueous HAuCl 4 possesses an absorbance peak around 220 nm, which is the characteristic absorbance of Au 3+ . After Au 3+ was transferred to chloroform by OVDAC coating, however, a new peak at 325 nm appeared. It revealed the formation of Au 3+ -containing clusters during phase transfer and OVDAC coating [54] . The TEM image confirmed this speculation ( figure 2(b) ). Under TEM, Au clusters with diameter around 1.6 nm were observed. Besides, XPS measurement showed that the ratio of Cl and Au for OVDAC-coated Au clusters was 4.05:1, similar to the was directly transferred from water to chloroform without composition variation. It also indicated that the driving Figure 6 . TEM images of OVDAC-stabilized Au NPs prepared through the addition of 2.4 mg ml −1 (a), 4.8 mg ml −1 (b), 7.2 mg ml −1 (c), 9.6 mg ml −1 (d), 12.0 mg ml −1 (e) and 14.4 mg ml −1 (f), NaBH 4 .
Results and discussion
Synthesis of OVDAC-stabilized Au NPs
force of phase transfer was the electrostatic attraction between negatively charged (AuCl − 4 ) n and positively charged OVDAC. Also under stirring, the aqueous solution of NaBH 4 was added dropwise into the Au solution to generate Au NPs. A mauve color was observed for Au NP-containing chloroform solution ( figure 1(c) ). Figure 3 (a) presents a representative set of TEM and HRTEM images for OVDAC-stabilized Au NPs [55] . The average diameter of Au NPs was 11.3 nm, which exhibited hexagon-shaped features and were stacked to a close-packed hexagonal structure. The formation of such ordered structure was attributed to the evaporation of chloroform on the carbon-coated grid during the preparation of the TEM sample, which was determined by a combination of the entropy effect, van der Waals interaction between NPs, and steric repulsion between the passivating ligands [56] . Although the as-prepared NPs were not monodisperse, ranging from 4 to 20 nm, the distances between NPs were uniform. The statistical distance was 1.7 nm. This distance was assigned to organic OVDAC layers, because organic molecules usually present poor contrast under TEM. Moreover, due to the close stacking of two neighboring Au NPs, the length of 1.7 nm should be the thickness of two OVDAC layers. As mentioned in the previous report [57] , the length of the fully stretched octadecyl chain was 2.34 nm from CPK model. This meant the OVDAC was not vertical to the NP surface, because the distance between two NPs was dramatically less than the length of two octadecyl chains. Through calculation, the octadecyl chain of OVDAC should have a small angle around 16.4 • with the tangent of the NP surface. Figure 3(c) indicates the UVvis absorption spectra of Au NPs, which possess an absorption peak centered at 525 nm. This peak was originated from the electron transition between the 5d 10 orbit and unoccupied conduction bands of Au NPs [58] . The XRD pattern of Au NPs showed broad peaks typical for nanometer-sized particles, which was consistent with the cubic blende structure of bulk Au crystal [59] . Figure 4 compares the IR spectra of OVDAC, OVDAC-stabilized Au 3+ clusters and OVDAC-stabilized Au NPs. The characteristic peaks of three samples had similar shapes and positions. By combining the change of apparent color of solutions, UV-vis spectra, and IR spectra, it could be concluded that Au NPs were coated with OVDAC.
During the preparation of Au NPs, two factors influenced the quality of NPs, the concentration of OVDAC and NaBH 4 . Figure 5 showed a series of TEM images of Au clusters ((a)-(e)), and the corresponding Au NPs ((f)-(j)) with different concentrations of OVDAC. When the concentration was below 6.7 mg ml −1 (figures 5(a) and (b)), there were not enough OVDAC to coat Au clusters, so the Au clusters exhibited nonuniform shapes. Meanwhile, the more OVDAC was added, the smaller the size of Au clusters was [60] . Figure 5(c) shows a typical TEM image of Au clusters in the presence of 6.7 mg ml −1 OVDAC. The sizes of Au clusters were about 1.6 nm, and this was consistent with the UV-vis absorption spectra (figure 2). When the concentration was higher than 6.7 mg ml −1 (figures 5(d) and (e)), there was excess OVDAC in chloroform. Consequently, Au clusters were overcoated by OVDAC, or even incorporated into the OVDAC block. After reducing by NaBH 4 , moreover, the morphology of Au NPs was also different with various concentrations of OVDAC. When the concentration of OVDAC was less than the optimum 6.7 mg ml −1 (figures 5(f) and (g)), there was not enough OVDAC to stabilize the Au NPs. So, it was difficult to form NP close-packed structures, due to the lack of van der Waals attraction [56] . When the concentration of OVDAC was 6.7 mg ml −1 ( figure 5(h) ), a monolayer of OVDAC formed outside the NPs, making the NPs stack to a close-packed structure. When the concentration of OVDAC was more than the optimum 6.7 mg ml −1 (5i 5j), Au NPs aggregated because of excess OVDAC.
In our experiment, the addition of NaBH 4 had to be dropwise. Otherwise, insoluble aggregates would form due to the local overgrowth of NPs. Besides, the concentration of NaBH 4 also influenced the morphology of Au NPs. Figure 6 shows the TEM images of Au NPs with different concentrations of NaBH 4 . When the concentration of NaBH 4 was less than 7.2 mg ml −1 (figures 6(a) and (b)), Au clusters could not be reduced completely, so some of Au NPs were irregular shapes. When the concentration of NaBH 4 was between 7.2 and 9.6 mg ml −1 (figures 6(c) and (d)), the NPs could arrange closely in a large area. Moreover, the size distribution of NPs was narrower than those with other NaBH 4 amounts. When the concentration of NaBH 4 was more than 9.6 mg ml −1 (figures 6(e) and (f)), Au NPs aggregated. It was thought that the excess NaBH 4 made more OVDAC redissolve in chloroform, so the images were similar to those of Au NPs with excess OVDAC.
OVDAC-stabilized metal and semiconductor NPs
The current method was also available for synthesizing other metal NPs, such as Ag, Pt, and Pd NPs ( figure 7) . In comparison to OVDAC-stabilized Au NPs, the size distributions of Ag, Pt, and Pd NPs were rather narrower, and their average diameter was 12.4 nm, 7.2 nm, and 4.4 nm, respectively. Interestingly, more than half of Ag NPs were hollow particles. This was attributed to the Ostwald-ripening process during NP growth [61, 62] . At the beginning of NaBH 4 reduction, Ag + was rapidly reduced in situ to generate Ag NP cores. Note that, in comparison to Au, much bigger Ag clusters formed during the transfer of Ag from water to chloroform, because the NO − 3 unit possessed a larger space than the Cl − unit ( figure 7(a) ). It also left plenty of interparticle spaces in these cores. With the subsequent NaBH 4 reduction, the growth of bigger Ag NPs was supplied both by NaBH 4 reduced Ag + and at the expense of Ag cores via an Ostwald-ripening-favored recrystallization process. As a result, some Ag atoms in the center of the NP were consumed at the end of the reduction process, leading to the formation of hollow Ag NPs [61] . We also synthesized OVDAC-stabilized semiconductor NPs, such as CdS, PbS, and ZnS. Figures 8(a) , (c), and (e) are the TEM images of CdS, PbS, and ZnS NPs. They possessed narrow distributions, and their average diameters were 5.1 nm, 5.2 nm, and 3.4 nm, respectively (figures 8(b), (d), and (f)).
NP-polymer composites
OVDAC-stabilized NPs could be directly used as macromolecular monomers for polymerization, because OVDAC had styrene segments. For example, Au NP-containing bulk polymeric nanocomposites were prepared through the copolymerization of OVDAC-stabilized Au NPs, styrene, and methyl methacrylate at 55
• C using AIBN as the initiator. As shown in figure 9(a) , the resulting bulk nanocomposites possessed pink color and high transparency, indicating that no macroscopic phase separation occurred. TEM images of nanocomposites also revealed that Au NPs were well dispersed in polymer bulk (figures 9(b) and (c)), and the size and morphology of NPs were similar to the OVDAC-stabilized Au NPs ( figure 3(a) ). In this context, the styrene segment of OVDAC was the key to improving the compatibility between NPs and polymers by forming a covalent linkage [46] [47] [48] [49] .
Besides, the apparent color and the absorption spectra of nanocomposites also depended on the procedure of polymerization and post-polymerization storage ( figure 10(a) ). Usually, the as-prepared nanocomposites were dark blue with a little gray, which resulted from the aggregation of Au NPs at the initial stage of heating. After storing at room temperature over 12 h, however, the color gradually turned pink, indicating the disaggregation of aggregated Au NPs. This phenomenon was attributed to the relaxation of polymer chains. During storage, the polymer chains of nanocomposites were dynamic, making slightly aggregated Au NPs redispersible in polymer media. So, the absorption peak of stored nanocomposites was similar to the original OVDAC-stabilized Au NPs. However, if the polymerization temperature was higher than 60
• C, serious aggregation occurred at the initial stage of heating. Since the styrene segment of OVDAC-stabilized NPs polymerized with monomers, these aggregates were not redispersible during storage. Consequently, no absorption peak of isolated Au NPs was observed ( figure 10(a) ).
Moreover, the ratio of OVDAC-stabilized NPs and monomers was adjustable to obtain a series of nanocomposites with different NP contents. Figure 10(b) showed the UVvis absorbance of nanocomposites with different Au NP percentages. A linear relationship between NP percentage and their UV-vis absorbance was observed. Furthermore, OVDAC-stabilized metal and semiconductor NPs were also available for fabricating NP-polymer composites. Figure S3 (available at stacks.iop.org/Nano/21/285604/mmedia) exhibits the bulk Pd NP-polymer composites and CdS NP-polymer composites. The bulk composites had the same colors as the parent NPs. The UV-vis spectrum indicated that the optical property of NPs was well maintained in the resultant nanocomposites (figure S4 available at stacks.iop.org/Nano/21/ 285604/mmedia). 
Conclusions
By combining the phase transfer of Au 3+ from water to chloroform using quaternary ammonium surfactant and NaBH 4 reduction, we used polymerizable surfactant OVDAC to direct synthesize Au NPs. The experimental results revealed that the morphology and the size distribution of NPs was mainly determined by the amount of OVDAC and NaBH 4 . Moreover, OVDAC-stabilized NPs were directly used as macromolecular monomers in the copolymerization with lipophilic monomers. Because of the styrene segment of OVDAC, a covalent linkage was obtained between NPs and polymer media, which prevented the aggregation of NPs and therewith improved the transparency of the resulting bulk nanocomposites. This method was also available for synthesizing other metal NPs, for example Ag, Pd, and Pt, and semiconductor NPs, for example ZnS, CdS, and PbS, thus providing a series of NP-containing macromolecular monomers for further design and synthesis of functional nanocomposites. For instance, although current Au-NP-containing composites did not exhibit a conductive property, because of the strong insulation of PS and PMMA, the incorporation of metal NPs with conductive polymers is expected to enhance the conductive property of the host polymers, which is underway in our laboratory.
